This study aimed to investigate the relative influence of climate (temperature and precipitation) and land use on limnological features of 30 floodplain lakes in the Araguaia River, in Central Brazil, an important river that drains in the Brazilian Cerrado. Methods: The lakes were sampled in one same period, at a large spatial scale (900 km along the river) covering climate and landscape variability. For decomposing the relative importance of land use and climate, we used the RDA and partitioning variance techniques. Results: The lakes presented limnological gradient along the floodplain; in general, the lakes presented low transparency, nutrients concentrations (total nitrogen and total phosphorus) and oxygen saturation. The water pH was considered weakly acidic. Considering land use in Araguaia river basin, lakes in downstream presented more remnant vegetation and lakes in upstream presented more livestock and agriculture soil use. The climate conditions were the most important in explaining the variation in limnological characteristics of the lakes, while the individual analysis of limnological variables showed that land use was important to explain to the pH and transparency of the water. Conclusions: Finally, this study showed the importance of investigating regional climatic attributes and land use information to explain the limnological characterization of floodplain lakes. Thus, it highlights the importance of the possible impacts of global climate change on limnological conditions. Keywords: Araguaia floodplain; RDAp; water quality; Cerrado.
variables on limnology features, especially given the scarcity of studies focusing on climate change and limnology (Nabout et al., 2012) and floodplains systems in South America (Junk, 2013) .
The land use and anthropogenic changes are also factors that directly influence the maintenance of water resources. Overall, impacted environments (e.g., converted land use for agriculture), promotes greater flow of allochthonous material, altering the nitrogen and phosphorus concentrations (Harmel et al., 2006) and changes in the landscape, such as erosion and sedimentation (Latrubesse et al., 2009; Valente et al., 2013) . Material from erosion can reduce transparency and chlorophyll-a while the input of fertilizers into water promotes an increase in nutrients concentrations (Teffera et al., 2017) .
These factors (i.e., climate and land use) are widely used to explain the temporal variation of limnological attributes. For example, in dry season is expected to lakes of a floodplain a greater transparency than in the rainy season (Thomaz et al., 2007) due to the lower amount of suspended solids and turbidity during the dry and that can be intensified with the inflow of water during the flood. Nevertheless, little is known about the causes of spatial variation of limnological attributes among different lentic ecosystems. Sampling snapshot in large spatial scale is useful to investigate the spatial variation of limnological attributes. Limnological studies in regional spatial scale has increased over the years (see Nabout et al., 2015) , which provides insight in the same temporal interval, into how the limnological variables respond to climate and land use changes.
Thus, this study investigated the relative importance of climate variables (temperature and precipitation) and land cover using a snapshot
Introduction
Limnological variables, such as pH, dissolved oxygen, turbidity, nutrient concentrations, among others, have often been used to describe the quality of aquatic environments (Nabout et al., 2006) and as predictors of biological communities (Nabout et al., 2009; Bottino et al., 2013; Hortal et al. 2014; Gurgel-Lourenço et al., 2015; Arrieira et al., 2015) . Technological advances (e.g., limnological probes) and the costs reductions of various equipments have allowed researchers to collect several reliable and efficient environmental information, besides to expand their studies spatially and temporally.
The lake environmental characteristics, often used by limnologists, may change along time, due climatic (e.g., Tonolla et al., 2010; Gray et al., 2011) and hydrological variation (Pithart et al., 2007) or changes in land use (Hudson et al., 2006; Jordan et al., 2012) . The climate is a factor that has been extensively studied in aquatic environments research, and has been indicated as determinant in regional scales (Yue et al., 2011) . The climate is marked by two variables that influence intrinsically ecosystems: the temperature and seasonal changes due to rainfall. The air temperature is directly related to the water temperature, which in turn is directly involved in chemical reactions that happens in aquatic environments, affect the water mixture and thermal stratification (Adrian et al., 2009 ) and influence the dispersion of species (e.g., Beesley et al., 2012; Tonolla et al., 2012) . In addition, these physical and chemical variables may be affected by global climate change (Barros et al., 2011; Vörösmarty et al., 2010; Ye et al., 2013) . Therefore, it is important to investigate the contribution of regional climate Métodos: As lagoas foram amostradas em um mesmo período, em uma grande extensão espacial (900 km ao longo do rio) cobrindo uma variabilidade climática e de paisagem. Para decompor o efeito relativo do clima e do uso do solo foi utilizada uma RDA seguida da partição da variância. Resultados: As lagoas apresentaram um gradiente limnológico ao longo da planície de inundação. Em geral, as lagoas possuem baixa transparência, concentração de nutrientes (nitrogênio total e fósforo total) e saturação de oxigênio. O pH da água pode ser considerado fracamente ácido. Considerando o uso do solo na bacia do Rio Araguaia, as lagoas a jusante da planície apresentaram maior percentual de vegetação remanescente, ao passo que lagoas a montante da planície apresentaram maior uso do solo em pastagem em agricultura. As características climáticas foram o principal fator para explicar a variação das características limnológicas das lagoas estudadas, enquanto que análises individuais das variáveis limnológicas evidenciaram que o uso do solo foi importante para explicar a variação no pH e transparência da água. Conclusões: O presente estudo evidenciou a importância de investigar os atributos climáticos regionais e o uso do solo para explicar as características limnológicas de lagoas na planície de inundação. Portanto, destacamos a importância de possíveis impactos das mudanças climáticas globais sobre as características limnológicas.
Palavras-chave: planície de inundação do Araguaia; RDAp; qualidade de água; Cerrado.
sampling in large spatial scale, in one important aquatic system of Central Brazil (Araguaia River 
Methods

Study area
The Araguaia River is inserted in the large Tocantins-Araguaia basin, one of the largest watershed in Brazil. This basin presents the highest diversity of plants in the continent, with significant ecotone area between Brazilian Cerrado (savanna) and the Amazon forest biomes (Latrubesse & Steveaux, 2006; Morais et al., 2005; Sawakuchi et al., 2013) . Tocantins -Araguaia basin drains rivers of several Brazilian States, with an area of 377,000 km 2 (Morais et al., 2005) . The middle course of Araguaia River, where is situate the study area, stretches over 1100 km, between the municipalities Barra do Garça and Conceição do Araguaia, and homes a well-developed floodplain, including the alluvial plain of Bananal (Valente et al., 2013; Latrubesse & Steveaux, 2002) . In the meantime, the drainage area increases due to the tributaries increase, where the Mortes River is the most important (Latrubesse & Steveaux, 2006) . The climate presents semi-humid with humid trend, characterized according Kopen as Aw type (Latrubesse & Steveaux, 2002) . It is a region marked by two well-defined seasons, rainy and dry, due the influence of Cerrado biome region. The rainy is between the months of November and April, and dry between May and August, with an average annual temperature of 22 °C, and average maximum of 28 °C (Latrubesse & Steveaux, 2006) .
For limnological analysis were selected 30 lakes along the floodplain system in the Araguaia River (Figure 1 ), Central Brazil (see also Machado et al., 2015) . The lakes were selected in order to capture a gradient of environmental variation (i.e., lakes preserved and impacted) along the floodplain. The straight-line distance between the floodplain lakes was 500km (and about 900 km along the river course). The lakes are shallow (4.2-9.6 meters of depth) whit average area of 0.70 km (0.007-3.60 km, see more details in Marcionilio et al., 2016) . The Araguaia Figure 1 . Location of the Tocantins-Araguaia river basin, highlighting the sampling points used in this study.
River alluvial plain has four predominant types of vegetation: herbaceous, shrubby -arboreal, arboreal and anthropogenic vegetation (Latrubesse & Steveaux, 2006) . Most of the lakes sampled are surrounded by Cerrado native vegetation, but some have undergone conversion in the land use, with substitution of vegetation native by agriculture and livestock (see Machado et al., 2016) .
Limnological variables
The samples were carried out from high water (January 2012). This period was chosen because it allows a better access to the lakes, since all were connected to the main channel of the river, reducing the costs associated with sampling in this wide spatial scale. Thus, in this study, we demonstrate a view of the limnological variables for the Araguaia River floodplain in a single climatic period. The variables collected were: conductivity (µS/cm), pH, oxygen saturation (%), water temperature (°C), transparency (cm), total phosphorus (µg/L), and total nitrogen (µg/L). For the analysis of nutrients, samples were collected and stored in accordance with the American Public Health American (APHA) specifications (APHA, 1999). The water transparence was obtained using a Secchi disk and others variables using a portable probes (Digimed). The parameters were estimated and the nutrient samples collected at a central point of the lake at a depth of 0.5 m. The geographic coordinates of the lakes were obtained using a Global Navigation Satellite System (GNSS) device (Garmim).
Land use and human impact variables
The land use around the lakes (Cerrado remnant vegetation, livestock and agriculture), was obtained using satellite image classification (Landsat 5 -TM 2011 imagery, and Google Earth available-high-resolution data set). We used the Landsat 5 -TM collection (with 30m spatial resolution), path/row 223/67 to 223/70, from May 2011 (flood period in the Araguaia River), with low cloudiness. Data were available from the National Institute for Space Research (INPE, 2012) . A geometric correction of the satellite images was performed by comparison to Geocover project data set (USGS, 2012), resulting in an image mosaic for the entire study area (referring to May 2011). The analysis of the land use was limited to the lakes surrounding, with a buffer of 10 km.
In terms of image processing, we applied a Linear Spectral Mixture Model algorithm to process the Landsat mosaic, highlighting the land use land cover classes (see algorithm for Cerrado biome in Ferreira et al., 2007) , followed by a MaxVer supervised classification algorithm (this method employs training pixels for each land use classes).
It was also obtained the anthropization data for each lake through Grid Human Footprint (Sanderson et al., 2002) . This grid presents human impact values for each geographic coordinate based on several factors of human action, such as population density, land use, infrastructure, possibility of human access, etc. The Grid was obtained through the site SEDAC (SEDAC, 2012) and has a resolution of 1 km (Sanderson et al., 2002) . Therefore for each lake it was assigned a value of Human Footprint, ranging from zero (no impact) to 1 (maximum impact).
Climate variables
To characterize the climate of each lake, we obtained the data of nineteen (19) bioclimatic variables related to temperature and rainfall in the study area. These climate variables were obtained in a world database available in Worldclim website (Worldclim, 2012) , using a grid with a resolution of 4 km. These variables represent the precipitation and temperature variations recorded in the investigated lakes. To obtain the climatic variables of each lake, the geographic coordinate of the lakes was overlapped on the grid with climatic data.
Data analysis
We performed a Principal Component Analysis (PCA) using the correlation matrix for limnological, climate and land use data set separately. The purpose of this analysis is reduce the dimensionality of multivariate data, generating new orthogonal variables (principal components) created from linear combinations of the original variables (Legendre & Legendre, 2012) The first and second principal component for PCA of limnological data was used to assess the differences between the lakes located upstream and downstream of Mortes river. The first principal component for limnological, climate and land use PCA were plotted in the map, seeking to evaluate the spatial variation of these variables along the floodplain.
The partial redundancy analysis (RDAp) was used to obtain unique importance of each predictor for limnological characteristics. Two sets of predictors were used: i) climatic variables, corresponding to the first three axes of the PCA for bioclimatic variables (representing 89% of variation in the climate data); ii) Land use, corresponding to the first three axes of the PCA for percentage of remaining vegetation, agriculture, pasture and Human Footprint index (representing 96% of variation in the land use data). Among the main assumptions of the RDA, it highlights the need for independence of the sampling unit (i.e., lakes), which can be measured by assessing the spatial structure in the residual of RDA. The existence of spatial autocorrelation can perturb significance tests, promoting inflated type I error (see Legendre, 1993; Diniz-Filho et al., 2003) . Thus, after each RDAp, spatial autocorrelation of the residual was investigated. For this a new RDAp, in which the residual was the dependent variable, and the spatial filter was the explanatory variable. Geographic coordinates were used to generate the spatial filters using PCNM (Principal coordinate of neighbor matrices) (Griffith & Peres-Neto, 2006; Nabout et al., 2009) . No significant values indicate that there was no spatial autocorrelation in the residual, thus there was no flaw in the assumption of independence of the sample units.
For all analysis (PCA, RDAp and partitioning the variance), all variables were previously transformed. The limnological data were log-transformed (logX+1), except the pH. For the climate data was used the z-score transformation, and for the land use data and human footprint (both given in percentage) was used the transformation arcsine square root (asin(sqrt(x))*180/pi). All analysis were performed in the R program (Core Team R, 2016) using Vegan package (Oksanen et al., 2015) .
Results
The lakes in Araguaia River revealed weakly acidic environments, with typical temperature of tropical environments, moderate oxygen saturation, low transparency and low nutrient values (Table 1) . However, along the 900 km gradient it was possible to observe a variation of the limnological features among the lakes studied (Figure 2 and 3) . The principal component analysis for limnological characteristics revealed that the first two axes explained 69.1% of the variance of the data. The downstream lakes located after confluence of Mortes river, showed higher temperature and with a higher concentration of total nitrogen and greater transparency, suggesting that these limnological environment are different from others (i.e., upstream of Mortes river) floodplain lakes. The limnological, climate and land use variables exhibit spatial variation ( Figure 3 , Table 1 ). Positive values for the first axis of PCA indicate lakes with greater seasonality precipitation in driest month. The negative values indicate lakes in areas with higher isothermality and higher annual precipitation. As for the land use, the first component separates the preserved and impacted environment (pasture and human footprint). Thus, negative values indicate preserved lakes, while positive values indicate impacted lakes.
The RDAp revealed that 26% of the spatial variation in limnological variables were explained by the land use and climate variables (Figure 4) . Furthermore, the partial component revealed that climate variables (component a, R 2 =0.19, P=0.007) were more important in explaining the limnological characteristics of the floodplain lakes (Figure 4) . The variation of the limnological variables conductivity, transparency, oxygen saturation, total phosphorus and total nitrogen, was explained by climate variables (Table 2) . However, pH and transparency were explained significantly by characteristic of land use around the lakes. For all RDAp were not found spatial structure in residual.
Discussion
The features of the limnological variables are important to understand the environmental quality and the maintenance of aquatic biodiversity (Espejo et al., 2012) . These characteristics are affected by internal factors (autochthonous) and marginal factors to aquatic ecosystems (allochthonous). Therefore, climatic variables and land use changes in the surrounding of aquatic environment can affect its limnological characteristics. In the present study the climatic variables were most important to explain the limnological characteristics. However, for some limnological variables (such as pH and transparency), land use category also demonstrated to be an important factor for this aquatic environment. Thus, in a regional scale (as of this study), it is important to a joint analysis of climate variables and land use to understand the spatial dynamics of limnological features of floodplain lakes. The 30 lakes studied in this paper are perennial and had the typical characteristics of water quality for flood seasons. According Brazilian legislation (CONAMA resolution 357/05) the limnological features of the lakes, with the exception of oxygen saturation, showed good water quality and good preservation of the lakes. In addition, the limnological characteristics of this study were different from data for the years 2000 and 2001 using other lakes in the rainy and dry season (Nabout et al., 2006; Nabout et al., 2007) . Here, the lakes showed higher concentrations of nutrients and less oxygen saturation, when compared to a previous study carried out in the rainy season (Nabout et al., 2006) . That is, although currently lakes are preserved, a comparison with other older studies reveal changes in limnological characteristics, indicating increased level of anthropogenic impact on the lakes to the Araguaia river.
The bioclimatic variables are represented by temperature and precipitation values over the months or years (Hijmans et al., 2005) . Thus, they reflect the variation that these parameters can present in a region. In this study, climatic variables were important to explain the limnological parameters and the climate was directly associated with conductivity, transparency, oxygen saturation, phosphorus and total nitrogen. In fact, the air temperature acts on aquatic ecosystems in a variety of ways influencing, for example, the stratification levels in the water column and physicochemical parameters, such as oxygen and nutrient concentrations (Adrian et al., 2009 ). The intensity of winds (a factor not considered in this study) also represents a relevant climatic variable. In floodplain lakes, the winds seem to be more important during the dry season, influencing the sediments resuspension according to the lake morphometry, besides providing a greater variation in the chemical, physical and biological characteristics during this period (Thomaz et al., 2007) . For floodplain lakes, precipitation may be even more relevant, since it influences the hydrological levels of the plain, controlling the flood and flow periods and consequently affecting the limnological variables (Junk et al., 1989) . In our study, precipitation is apparently the most important factor as we did our sampling during the rainy season, a period when winds are lower than the dry season and also the effects of temperature on water stratification are not occurring.
Although this study has evaluated the effects of climate at present, the influence of climate change on limnological variables has already been projected for the future. Studies have shown that the temperature increase can reduce the amount of oxygen available in the water (McKee et al., 2003; Feuchtmayer et al., 2009; Jeppesen et al., 2010) and increase the nutrients resuspension present in the sediments (Jeppesen et al., 2010) .
The importance of climate on the limnological variables highlights the importance of global climate change on regional limnological conditions. Indeed, much has been discussed about the impact of climate change at different geographical scales; however, it still require studies to assess the impact of climate change on aquatic environments (Nabout et al., 2012) . For the Cerrado region, in addition to the increase in temperature forecast, is expected change in the hydrological cycle, promoting an increase in extreme events such as greater period of drought and rainfall concentrated in short time (Bustamante et al., 2012) . Thus, these changes should affect the limnological structure of the lakes studied, caused loss of environmental quality, eutrophication and consequent threat for aquatic biodiversity (Hall et al., 2008) .
In addition to climate change, an important phenomenon that has occurred mainly in Central Brazil is the intensive conversion of native vegetation in agro-pastoral activities in floodplain areas (Middleton, 2002; Latrubesse & Steveaux, 2006; Tonolla et al., 2010) . The great loss of flood areas in different countries and in different ecosystems raises concerning about the remaining areas and studies for the maintenance of these environments (Steven & Gramling, 2012; Van Den Brink et al., 2013; Schleupper & Schneider, 2013) , especially when a significant area is occupied by commodities like soybeans or pasture, as occurred in Cerrado bioma (Lapola et al., 2013) .
Extensive floodplains have been lost during the agricultural areas expansion process and the creation of large areas of urbanization (Brinson & Malvárez, 2002) . The present floodplain lakes had low anthropogenic conversion rate. Twelve lakes have been modified to land use, mainly in the state of Goiás and Mato Grosso (significant parcel of Cerrado). Mostly the lakes in Tocantins state are best preserved. These lakes are close by indigenous areas and Bananal Island conservation unity, enabling greater protection of natural resources in the region (Sawakuchi et al., 2013) . In addition, Tocantins has until this moment less deforestation rate, being one of the most preserved area in this study (Sano et al., 2010) .
Finally, this study showed the importance of investigating regional climatic attributes and land use information to explain the limnological characterization of floodplain lakes. In general, climate variables were most important to explain the limnological characteristics of the studied lakes. Thus, it highlights the importance of the possible impacts of global climate change on regional and local limnological conditions. Besides, changes in land use and increase of impacted areas could also affect the limnological characteristics of the floodplain lakes of the Araguaia River.
